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The performance of the Batch Reactor for the production of sodium benzoate from the reaction of sodium hydroxide and benzoic 
acid were investigated. The performance equation for the operation of batch reactor was developed for the analysis of the reactor’s 
functional dimensions and parameters. The analysis of the reactor’s functional parameters was performed at molar ratio of benzoic 
acid to sodium hydroxide of 1.5 to 3.0 at intervals of 0.5 and at the same reactor operating conditions. The set of reactors’ 
performance equations were solved simultaneously and then, simulated with the aid of MATLAB R2015a computer program. The 
results of the analysis obtained for the batch reactor, although, showed that conversion, temperature and heat generated per reactor 
volume increases with increase in molar feed ratio, conversion and temperature increased with time, while the heat generated per 
reactor volume decreases with time. Following the results obtained from the analysis, the production of sodium benzoate from 
sodium hydroxide and benzoic acid can be executed in either of batch reactor depending on the capacity of production and 
conditions of operation. Finally, the optimum performance was observed at molar feed ratio of 3.0. 


INTRODUCTION 

Nowadays, the chemical and process industries highly depend on crude oil as feed stock to produce almost every chemical or material. However, 
some products can be synthesized without the use of crude oil feed stock, and one of such products is sodium benzoate. According to Kralj (2012), 
Sodium benzoate as an aromatic hydrocarbon is among the most important raw materials in the chemical industry and is obtained exclusively from 
fossil resources. Sodium benzoate is a salt derived from a weak acid and a strong base, so its aqueous solution is alkaline. One major route of sodium 
benzoate production is by the neutralization reaction of benzoic acid with sodium hydroxide. 

Although, benzoic acid, one of the raw materials for the production of sodium benzoate, is majorly obtained from petrochemical industries, it is 
also found naturally in fruits like berries, apples, plums, cinnamon, and several other natural foods. Therefore, when benzoic acid from these natural 
fruits and spices are used in sodium benzoate production, it implies that it has a naturally containing ingredient. Thus, sodium benzoate produced 
from benzoic acid extracted from fruits and spices is commonly found in carbonated sodas, fruit juice products, salad dressings, and fermented foods 
such as vinegar, wine, and pickles (Mitchell, 2016). 

Srour, (1998) estimated the global sodium benzoate production to about 55,000 - 60,000 tons per year, while in 2001, the Worldwide production 
capacity was estimated at 100,000 tons per year with an average maximum operating rate at 75%, representing 75,000 tons sodium benzoate 
production per year (SIDS Initial Assessment Report, 2001) and the largest producers of sodium benzoate are the Netherlands, Estonia, the U.S.A. 
and China. The production capacity is expected to rise as far as its application increases, which will in turn increase the demand. 

Preservation of perishable products and foods is a common practice to avoid wastages. However, one preservative may be suited at a particular 
purpose than the other, based on side effect. This is justified by the used of sodium benzoate as preservative for foods, despite benzoic acid proven to 
be more effective preservative, because it does not dissolve well in water (Kralj, 2012). 

Sodium benzoate is used widely as chemical additives, preservatives and flavouring agents especially in food, cosmetics and pharmaceutical 
industries (Dudley et al., 2006; Ankudovich er al., 2007). It is also used as a corrosion inhibitor and in technical systems as additive to automotive 
engine antifreeze coolants (Bozzini et al., 2007). Also, according to Mitchell, (2016), sodium benzoate is also added to health and beauty products 
such as mouthwash, shampoo, body lotions, and deodorant to prevent contamination by bacteria. 

The US Food and Drug Administration (FDA) and the Canadian Health Protection Branch have pronounced this chemical preservative to be 
acceptable when consumed in low amounts (0.1 percent by weight in food and 5ppb in water) (Mitchell, 2016). The International Programme on 
Chemical Safety found no adverse effects in humans at doses of 647-825 mg/kg of body weight per day (Cosmetic Ingredient Review, 2000). 
However, on health perspective, the consumption of foods or drinks with sodium benzoate preservative beyond acceptable limit could be detrimental. 
Consumption by hypersensitive patient could result to asthmatic attacks, hives, or other allergic reactions, while the combination of sodium benzoate 
and citric acid and or ascorbic acid (vitamin C) lead to the formation of 
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The knowledge of the chemical reaction kinetic in complex chemical systems is essential for the accurate and reliable design of reactors. It has a 


significant impact on the equipment needed in chemical production plants (Vas Bhat, 2000; Simmie, 2003; Elliott et al., 2004).The aim of this study 
is to investigate the performance of batch reactor in the production of sodium benzoate from the reaction of benzoic acid and sodium hydroxide. 


MATERIALS AND METHODS 


The model equations for batch reactor as well as the equations relating their functional dimensions and parameters are developed in this paper. The 
resulting respective reactor equations were used for the simulation of the functional parameters, implemented with MATLAB simulink. 


Expression of the Rate Kinetics 


The rate equation for the production of sodium benzoate via the reaction of sodium hydroxide and benzoic acid was obtained from the reaction 
mechanism presented in equation (1) and (2). Thus, from equation (2), the reaction mechanism of the process is expressed thus: 


NaOH +C,H,COOH ++C,H,COONa+H,O (1) 


Or for simplicity, equation (2.1) can be re-written as 
A+B—>C+D (2) 
Where, A= NaOH B=C,H,COOH , C=C,H,COONa and D = H,O 


The rate equation with respect to sodium hydroxide is expressed as 


dC 
—r,=- - =kC,C, (3) 


Expressing equation (3) in terms of sodium hydroxide conversion and following the relationship between instantaneous concentration and the initial 
concentration of reactants expressed by Levenspiel (2004), we obtained as follows. 


Cy = Ouro = CX 4 


6,20, =x) o) 
Cy =Cg, —C aX 4 
C; =C,,(a-X,) (3) 
C0 
Where @ is the ratio of the initial concentration of benzoic acid to that of sodium hydroxide in the reaction] @ = C 
Ao 


Substitution of equations (4) and (5) into (3) yields 
2. 
Th = kCi,(1- X , Ka -X,) (6) 
But for temperature dependent rate, the specific rate is expressed according to Arrhenius equation given as 


Ea 
k =k, exp) -—— (7) 
3 RT 


Thus equation (6) becomes 


E 
—r, =k, ens - 2 Joi, (1-X,a-X,) (8) 
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Development of Reactor Performance Equations 
The performance equations for batch, continuous stirred-tank and plug flow reactors are developed in this section by applying the principle of 


conservation of mass and energy as presented in equations (9) and (24) respectively. 


Rate of Rate of Rate of Rate of 
input of a of : depletion ‘s ae ulales (9) 
material material from due to of material 

reactor reaction within reactor 


into reactor 


Mass Balance on Batch Reactor 
A schematic diagram of batch reactor is presented in Figure 1, where the raw materials are charged into the reactor at once and allowed to react until 
reaction is completed before withdrawing the product. However, the performance equation is developed following equation (9) as follow. 


Nao 


XAo | 


Fo 
To 


F 

T 
Figure 1 Batch Reactor 
Inputof material =N,, (10) 
Output of material =N, (11) 


Rate of depletion =—r,V 


Batch 


(12) 


Rate of accumulation = (13) 


Substituting equations (10) through equation (13) into equation (9) yields: 


ge, 


Nig = Na +(—1y Watch dt 


But for batch reactor, No = N, =0 


Hence, 
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dN 
~ rs = (- a Wis 


Expressing equation (14) in terms of degree of conversion, we have: 


Substituting the rate term in equation (8) into (16) gives: 


No sy 
Veatch dt 


Heat Generation per unit Volume of Reactor 


=Cj, (1-X,)(a-X,)k, exo - a 


RT 


Heat generation per unit volume of reactor is expressed as 


rs 
Batch V 


Batch 


Where: 0) = (-AH ,)F,,X 4 


But for batch reactor, there is no flow of materials thus, 


Q=(-aH,)= x, 


Substituting equation (22) into (20) gives 


(- AH, Nao X 4 
t Veatch 


7 Batch = 
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(16) 


(17) 


(18) 


(19) 


(20) 


(21) 


(22) 


(23) 
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Energy Balance on Batch Reactor 


Rate of Rate of Heat Heat Accumulation 
energy energy production removal of energy 

input into ~ ome = rate due to ( + rate by (~ ) within reactor 
reactor reaction coolant 


(24) 


The energy balance on batch reactor can be expressed as follows using equation (24). 


Energy input = Fo Cal x, (25) 
Energy output rate= FF, Cal, (26) 
Heat production rate = (-AH.,, (—14 )V paren (27) 
Rate of heat removal by coolant = O.., (28) 
dH , 
Accumulation of energy = ——— (29) 
dt 

Inserting equations (25) through (29) into the energy equation (24) yields 

dH, 
Fey! as a FCT, + (-AH, M-r, OY wash ~ 0.3 + (30) 


dt 


For batch reactor, there is no inflow and outflow of energy, therefore, equation (30) reduces to 


dH, 
dt 


(-AH, ee WV watch > QO. = (31) 


) | 


But H, =N,C,T while Q,,, =UA(T, -T,)= 7s T,) 


rev oO 


2 


Where A = ——= Cross sectional area of the batch reactor 


Upon substitution, equation (31) into becomes: 


dT, a (=AH, eereLene 4 mD°U (T ay i ) 
ao A o 


(32) 
dt N oC p 4N 4,Cp 
V 1 
Again, mae ee & Ao thus, hath 
Batch Ao Cy, 
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= -_ 2: 
dT, _(-AH,)(-r,) ,_2D°U (r,-1) 
dt Ciuc. 4N,,,Cp 


Therefore, (33) 


Inserting the value of the rate of reaction (—r i) in equation (8) into equation (33) we have: 


(AH. Jk, exo{ - Fa \c3, (1 —X, Ya > X,) 


dT, _ mD°U (r, -T,) 
dt Cc; ANC." 
(AH, )k, exp £4 \¢ (1- xX ,a-X,) 
aT, _ —— RI} . = a mD°*U (7,-7,) 2 
A 2) 
dt C, 4N , Cp 


Equations (19) and (34) are system of ordinary differential equations which must be solved simultaneously since conversion and temperature of the 
batch reactor are depending on time of the reaction. 


Simulation Parameters 
The inputs parameters used to perform the calculation and evaluation of the reactor functional parameters and dimensions are presented in Table 1. 


Table 1 Summary of Input Parameters 


Parameter Value Reference 
Initial concentration, Cs, (mol/m?) ee Krall (2012) 
Volumetric flow rate (m°/hr) 2.125 Assumed 
Heat of reaction, AH , (kJ/mol) ee Krall (2012) 
Coefficient of Heat transfer, U (kJ/m?.K) 140 Assumed 
Mean specific heat capacity, C,(kJ/mol.K) 150 Assumed 
Density, (kg/m°) 1530 Linstrom and Mallard (2014) 
Mean viscosity, 42 (Ns/m?) 1.8722 x 10° Linstrom and Mallard (2014) 
Molar flow rate, F’,, (kmol/hr) #00 pesuined 
Activation energy, Ea (kJ/kmol) $5082.59 Kralj (2012) 
788588.57 Kralj (2012) 


Pre-exponential factor, kK, (m%/kmol.hr) 


RESULTS AND DISCUSSION 
The performance of batch reactor at various molar feed ratios, for the production of sodium benzoate was presented in this research work. The heat 
generated per reactor volume for the batch reactors was analysed. 


Batch Reactor Analysis 

The mass and energy balance equations were coupled into a system of ordinary differential equations and solved simultaneously with respect to batch 
time. The simulated results obtained from the analysis were presented in Figures 2 to 7. Time is a major measuring index in the operation of batch 
reactor, therefore, the degree of conversion of sodium hydroxide to sodium benzoate as well as the temperature required to achieve the desired 
product were investigated at time ranges of zero to 2 hours at varying molar feed ratio of benzoic acid to sodium hydroxide. Also, the rate of heat 
generation per the batch reactor volume was investigated at different molar feed ratios of benzoic acid to sodium hydroxide charged into the reactor, 
with respect to time, degree of sodium hydroxide conversion and operating temperature. It is worthy of note however, that the batch reactor size was 
kept constant throughout the simulation since in batch reactor, the reactants are fed into the reactor at once and the product withdrawn only after the 
completion of reaction. 
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—©— alpha = 1.5 
—*— alpha = 2.0 
—A— alpha = 2.5 
—— alpha = 3.0 


¢ 
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Cc 
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Figure 2 Influence of Molar Feed Ratio on Degree of Conversion Against Time 


The degree of sodium hydroxide conversion against time in batch reactor at different molar feed ratios and constant reactor volume is shown in 
Figure 2. Although, increase in the time of reaction increases the degree of sodium hydroxide conversion at all molar feed ratios as shown in the 
figure, but the degree of sodium hydroxide conversion in the batch reactor at a given reaction time increase further with increase in molar feed ratio. 
Thus, the high molar feed ratio implies that the amount of benzoic acid in the reaction mixture must be relatively higher than that of sodium 
hydroxide to obtain a higher conversion at any time in the batch reactor for the production of sodium benzoate from sodium hydroxide and benzoic 
acid. However, degrees of sodium hydroxide obtained at 2 hours batch time were 87.15, 95.38, 98.53 and 99.57% at molar feed ratios (a) of 1.5, 2.0, 
2.5 and 3.0 respectively. This implies that to produce sodium benzoate in a batch reactor with conversion of sodium hydroxide greater than 95%, the 
amount of benzoic acid must be at least twice or thrice the amount of sodium hydroxide in the reaction mixture. Though, Kralj (2012) used a molar 


feed ratio of 1.5 while experimentally investigating the rate kinetics of sodium benzoate production from the reaction of sodium hydroxide and 
benzoic acid. 


—©— alpha = 1.5 
—k*— alpha = 2.0 
—A— alpha = 2.5 
—— alpha = 3.0 
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Figure 3 Influence of Molar Feed Ratio on Temperature of Reaction 


Similarly, the reaction temperature against time in the batch reactor at different molar feed ratios and constant reactor volume is shown in Figure 
3. Again, as shown in the figure, increasing the reaction time increases the temperature of the reaction at all molar feed ratios. However, when the 
molar feed ratio was increased, the reaction temperature also increases at any given time. This therefore, implies that higher amount of benzoic acid 
to sodium hydroxide in the reaction mixture favours the reaction temperature at any time, which in turn resulted in higher yield of sodium benzoate. 


The corresponding reaction temperature obtained at 2 hours batch time from the initial reaction temperature of 293K (20 °C) were 302.52, 304.46, 
305.98 and 307.19K at molar feed ratios (a) of 1.5, 2.0, 2.5 and 3.0 respectively. 
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Figure 4 Influence of Molar Feed Ratio on Heat Generated per unit Volume 


The heat generated per volume of batch reactor against batch time of 2 hours, evaluated at different molar feed ratios and constant volume was 
shown in Figure 4. The result showed that increasing the molar feed ratio also, increases the heat generation of the batch reactor. On the contrary, the 
heat generated per volume of batch reactor decreases as time of the reaction is increased. However, the heat generated per volume of the batch reactor 
after 2 hours were given as 3.17kJ/hr.m?, 3.46kJ/hr.m3, 3.58kJ/hr.m? and 3.62kJ/hr.m? at molar feed ratios (a) of 1.5, 2.0, 2.5 and 3.0 respectively. It 
follows therefore that, the heat generated per volume of the batch reactor in 2 hours increased by 12.43% between molar feed ratio of 1.5 and molar 
feed ratio of 3.0. 


—©— alpha = 1.5 
—*— alpha = 2.0 
—A— alpha = 2.5 
—— alpha = 3.0 


Heat Generation per unit Volume (kJ/hr.m °) 


0.4 0.6 
Conversion, XA 


Figure 5 Heat Generated per Reactor Volume Against Conversion at Varying Feed Ratio 


Figure 5 showed the heat generated per volume of the batch reactor against the degree of sodium hydroxide conversion, evaluated at different 
molar feed ratios and constant reactor volume. Although, the rate of heat generation per the batch reactor volume increases as the molar feed ratio is 
increased, heat generation per the reactor volume decreases as sodium hydroxide conversion increases. The corresponding values of the heat 
generated per volume of the batch reactor and sodium hydroxide conversion in 2 hours were given as 3.17kJ/hr.m? and 87.15%; 3.46kJ/hr.m? and 
95.38%; 3.58kJ/hr.m> and 98.53%; and 3.62kJ/hr.m? and 99.57% at molar feed ratios (a) of 1.5, 2.0, 2.5 and 3.0 respectively. This implies that, to 
achieve higher conversion of sodium hydroxide, more heat will be generated per volume of the reactor. 
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Figure 6 Conversion against Temperature at Varying Feed Ratios 


Similarly, Figure 6 shows the profiles of sodium hydroxide degree of conversion against the reaction temperature in the batch reactor at different 
molar feed ratios and constant reactor volume. From Figure 6, the degree of conversion of sodium hydroxide increases as reaction temperature is 
increased at all molar feed ratios. Initially, there was tremendous increase in conversion with slow increase in temperature, but the reverse was the 
case after 1 hour of reaction as conversion slowly increases at faster increase in the reaction temperature. This again showed that, high conversion is 
favoured by temperature increase which will facilitate the completion of the reaction in the batch reactor to produce the sodium benzoate from the 
reaction mixture of sodium hydroxide and benzoic acid. However, the corresponding values of sodium hydroxide conversion and temperature in 2 
hours were given as 87.15% and 302.52K; 95.38% and 304.46K; 98.53% and 305.98K; and 99.57% and 307.19K at molar feed ratios (a) of 1.5, 2.0, 
2.5 and 3.0 respectively. 
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Figure 7 Heat Generated per Volume against Temperature at Varying Feed Ratio 


Figure 7 showed the heat generated per volume of the batch reactor against the reaction temperature, evaluated at different molar feed ratios and 
constant reactor volume. Again, the rate of heat generation per the batch reactor volume increases as the molar feed ratio is increased, but the heat 
generation per the reactor volume decreases as reaction temperature increases. The corresponding values of the heat generated per volume of the 
batch reactor and reaction temperature in 2 hours were 3.17kJ/hr.m? and 302.52K; 3.46kJ/hr.m> and 304.46K; 3.58kJ/hr.m? and 305.98K; and 
3.62kJ/hr.m? and 307.19K at molar feed ratios (a) of 1.5, 2.0, 2.5 and 3.0 respectively. 
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CONCLUSION 


Performance equations for batch reactor have been modelled in this research work for the production of sodium benzoate from the reaction of sodium 


hydroxide and benzoic acid. The performance equations were solved and simulated using MATLAB R2015a, to facilitate the analysis of the reactors 
parameters. The analysis was performed at different molar feed ratios and at same operational parameters. From the result analysis of the batch 
reactor, it was observed that at 2 hours, conversion, temperature and heat generated per reactor volume increases as molar feed ratio was increased. 
The molar feed ratio influenced the reactor parameters performance, as well as increase in molar feed ratio causes improvement in the conversion of 
sodium hydroxide. Especially, at molar feed ratio of 3.0, the conversion in the batch reactor was a few fractions above 99%. Following the results 
obtained from the analysis demonstrates the production of sodium benzoate from sodium hydroxide and benzoic acid depending on the capacity of 


production and conditions of operation. 


REFERENCES 

1. Ankudovich, K., Chandra, K., Gonzalez, R., Martitz, Z., Mulroe, V. & 
Powers, S. (2007). API Synthesis in a Batch Reactor: Production of 
Benzoic Acid as a Model System. Retrieved from http://www.osd 
.ttgers.edu/gs/07papers/batchreactor.pdf. 5th June, 2017. 

2. Bozzini, B., Mele, C. & Romanello, V. (2007). An in situ FT-IR 
Evaluation of Candidate Organic Corrosion Inhibitors for Carbon Steel 
in Contact with Alkaline Aqueous Solutions, Journal of Materials and 
Corrosion, 58, 362-368. 

3. Cosmetic Ingredient Review Expert Panel Bindu Nair, (2000).Final 
Report on the Safety Assessment of Benzyl! Alcohol, Benzoic Acid, 
and Sodium Benzoate. Retrieved from https://doi.org/10.1080% 
2F10915810152630729) 14" July, 2017. 

4. Dudley, C. Baustista, V., Blazer, A., Yan, H. & Yu, K (2006). 
Biopharmaceutical Production of Benzoic Acid in a Batch Reactor. 
Retrieved from http://www.osd.rtgers.edu/gs/O6papers/batchrea 
ctor.pdf. 

5. Elliott, L., Ingham, D. B., Kyne, A. G., Mera, N. S., Pourkashanian, M. 
& Wilson, C. W., (2004). Generic Algorithms for Optimisation of 
Chemical Kinetics Reaction Mechanisms, Prog.Energy.Combust.Sci., 
30, 297-228. 

6. Kralj, A. K., (2012). Determining the Characteristics of Sodium 
Benzoate Production using Mathematical Method, Journal of Applied 
Solution Chemistry and Modeling, 1, 25-37. 

7. Levenspiel, O. (2004). Chemical Reaction Engineering (Third Edition), 
Singapore: John Wiley & Sons. 

8. Linstrom, P. J. & Mallard, W. G., (2014).NIST Chemistry WebBook, 
NIST Standard Reference Database Number 69, National Institute of 
Standards and Technology, Gaithersburg MD. Retrieved from 
http://webbook.nist.gov/cgi/cbook.cgi?ID=C65850&Mask=FFFF&Units 
=SI 11" August, 2017. 

9. Mitchell, D., (2016). This is why Sodium Benzoate is so Scary. 
Retrieved from http//www.naturallysavvy.com/this is why sodium 
benzoate is so scary.html 11" August, 2017. 

10. SIDS Initial Assessment Report, (2001).Benzoates. Retrieved from 
http://www.inchem.org/documents/sids/sids/benzoates.pdf 16" June, 
2017. 

11. Simmie, J. M., (2003). Detailed Chemical Kinetic Models for the 
Combustion of Hydrocarbon Fuels, Prog.Energy.Combust. Sci., 29, 
599-634. 

12. Srour, R. (1998). Benzoic Acid and Derivatives, Paris, France: 
(Unpublished Report). 

13. Tsujikawa, H. & Inoue, H. (1966). The Reaction Rate of the Alkaline 
Hydrolysis of Ethyl Acetate, Bulletin of Chemical Society of Japan, 
1836- 1842. 

14. Vas Bhat, R., Kuipers, J., & Versteeg, G., (2000). Mass Transfer with 
Complex Chemical Reaction in Gas—Liquid System: Two-Steps 
Reversible Reactions with unit Stoichiometric and Kinetic Orders, 
Chemical Engineering Journal, 76, 127-152. 


Article Keywords 
Performance, evaluation, batch reactor, sodium benzoate, production 


Article History 
Received: 01 July 2018 


www.discoveryjournals.org 


Accepted: 17 August 2018 
Published: 1 October 2018 


Citation 
Ukpaka CP. Performance Evaluation of Batch Reactor for Sodium 
Benzoate Production. Discovery, 2018, 54(274), 387-396 


Publication License 


Cuom 
© The Author(s) 2018. Open Access. This article is 


licensed under a Creative Commons Attribution License 4.0 (CC BY 4.0). 


General Note 


Lad 
“6? Article is recommended to print as color digital version in recycled 
paper. Save trees, save nature 


OPEN ACCESS 


page 3 96 


